OBJECTIVE: With the increasing rates of obesity, many people diet in an attempt to lose weight. As weight loss is seldom maintained in a single effort, weight cycling is a common occurrence. Unfortunately, reports from clinical studies that have attempted to determine the effect of weight cycling on mortality are in disagreement, and to date, no controlled animal study has been performed to assess the impact of weight cycling on longevity. Therefore, our objective was to determine whether weight cycling altered lifespan in mice that experienced repeated weight gain and weight loss throughout their lives. METHODS: Male C57BL/6J mice were placed on one of three lifelong diets: a low-fat (LF) diet, a high-fat (HF) diet or a cycled diet in which the mice alternated between 4 weeks on the LF diet and 4 weeks on the HF diet. Body weight, body composition, several blood parameters and lifespan were assessed. RESULTS: Cycling between the HF and LF diet resulted in large fluctuations in body weight and fat mass. These gains and losses corresponded to significant increases and decreases, respectively, in leptin, resistin, GIP, IGF-1, glucose, insulin and glucose tolerance. Surprisingly, weight cycled mice had no significant difference in lifespan (801 ± 45 days) as compared to LF-fed controls (828 ± 74 days), despite being overweight and eating a HF diet for half of their lives. In contrast, the HF-fed group experienced a significant decrease in lifespan (544±73 days) compared with LF-fed controls and cycled mice. CONCLUSIONS: This is the first controlled mouse study to demonstrate the effect of lifelong weight cycling on longevity. The act of repeatedly gaining and losing weight, in itself, did not decrease lifespan and was more beneficial than remaining obese.
INTRODUCTION
The obesity epidemic has prompted more and more individuals to seek methods to lose weight. However, attempts to lose weight are often not successful and result in episodes of weight loss followed by weight regain, a phenomenon often referred to as weight cycling. 1 Although varying definitions make it challenging to determine the proportion of adults affected, weight cycling is considered to be common in countries battling the obesity epidemic. [2] [3] [4] [5] In fact, a recent report on American adults suggests that only one in six overweight or obese individuals who achieve a 10% weight reduction are able to maintain that weight loss over a one-year period. 6 Despite the common prevalence of weight cycling, the physiological and psychological ramifications are poorly understood, and some have even suggested that it may be more deleterious than remaining obese. [7] [8] [9] Data regarding the impact of weight cycling on morbidity and mortality are conflicting. Most short-term studies show improvements in weight-related comorbidities with weight loss such as blood pressure, triglycerides, HDL cholesterol, blood glucose, insulin sensitivity and HbA1C. 10, 11 As weight regain is common, controversy arises over whether these acute improvements result in long-term gains in health and in reducing mortality. Unfortunately, studies specifically addressing mortality and weight cycling are not in agreement. 3, 4, 8, 9, [12] [13] [14] [15] [16] [17] [18] [19] [20] For example, some studies report weight loss and weight cycling to be a major contributor to all-cause mortality, 8, 9, [17] [18] [19] [20] whereas others show weight cycling, especially when weight loss events are intentional, is not predictive of all-cause mortality and may reduce mortality risk. 3, 4, [12] [13] [14] [15] [16] The discrepancies in the reported findings are likely multifaceted.
Inconsistencies in recruited populations, methodology, inclusion/exclusion criteria for pre-existing disease and lifestyle, cycle length or number, and differentiation between intentional versus unintentional weight loss likely contribute to the disparate findings. Regardless, the public health implications of the safety and long-term consequences of weight cycling are enormous, given the current obesity epidemic. More controlled studies are clearly needed to provide the public with appropriate recommendations for altering weight.
Weight cycling in humans is a complex behavior making it difficult to simulate in animal models. Despite this barrier, there is an urgent need to establish an animal-based system that allows one to conduct well-controlled studies to determine the effect of weight cycling on tissue physiology and longevity. The use of an animal system would allow for the precise control of factors such as amplitude, length and frequency of cycling over a relatively long period of time. Several studies using rodents have assessed the impact of weight cycling regimens on specific health parameters, such as body composition, metabolic rate, cancer rate, insulin resistance and hormonal fluctuations. [21] [22] [23] [24] [25] However, to date, no study has evaluated the ultimate gauge of health, which is lifespan. For lifespan studies, mice are commonly used because they are relatively short-lived mammals and they display physiological, functional and pathological changes with age comparable with those seen in humans. Further, the C57BL/6J strain is commonly used in studies involving weight, as C57BL/6J males are prone to becoming obese and hyperglycemic when fed a high-fat (HF) diet, similar to what is seen in humans. [26] [27] [28] Therefore, the purpose of the study was to determine the impact of weight cycling on lifespan using male C57BL/6J mice.
MATERIALS AND METHODS

Experimental animals and dietary manipulation
Twenty eight male C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA) at 3 weeks of age and allowed to acclimate at the Ohio University animal facility for 1 week prior to the start of the study. The mice were divided into three groups at 4 weeks of age and placed on one of three diets for the duration of their lifespans. The first group (n ¼ 10) was placed on a high-fat diet (D12492; Research Diets, New Brunswick, NJ, USA; 60% of energy was from fat, 20% from carbohydrates and 20% from protein). The second group (n ¼ 9) was placed on standard laboratory rodent chow (ProLab RMH 3000; PMI Nutrition International, Brentwood, MO, USA), which is lower in fat (LF) at 14% of energy from fat, 60% from carbohydrates and 26% from protein. The third group (n ¼ 9) was continuously cycled between the HF diet and the LF diet to promote lifelong fluctuations in body weight (cycled). Each full 'diet cycle' was 8 weeks in duration and consisted of two phases: 4 weeks on a HF diet followed by 4 weeks on a LF diet. Mice were given free access to food and water throughout the study. The cages were kept in a temperature-and humidity-controlled room and exposed to a 14 h light/10 h dark cycle. The mice were housed, 9-10 per cage, in large 45 cm Â 24 cm microisolator cages. No running wheels were present in the cages. The microbial status of the room was specific pathogen-free as determined by quarterly serology and semiannual parasitology reports from sentinel animals placed in used bedding. All procedures were approved by the Ohio University Institutional Animal Care and Use Committee and fully complied with all federal, state and local policies.
Body weight, food consumption and longevity
Body weight and food consumption measurements started the first week of the study (4 weeks of age) and continued weekly for the entire lifespan of each mouse. Food consumption was determined for each of the three diet groups by weighing the total amount of food given at the start of each week and then subtracting by the amount of food remaining at the end of the week. The average food consumed per mouse was then obtained by dividing the number of mice remaining alive per group for the given week. Analysis of lifespan was carried out by recording the age of spontaneous death for each mouse. All mice had no noticeable health issues except for normal declines in health (that is, decreased mobility and weight loss) at advanced ages, and there were no accidental deaths due to procedures employed.
Body composition measurements
Body composition was measured over three separate time periods: 15-23 weeks of age (cycle 2), 47-55 weeks of age (cycle 6) and 79-87 weeks of age (cycle 10). During these three time periods, body composition was measured weekly using a Bruker Minispec NMR (The Woodlands, TX, USA) to determine the amount of fat, lean and fluid mass of the animal, as previously described. [28] [29] [30] Fasting blood glucose measurements and plasma collection Fasting blood glucose was determined and fasting plasma samples were collected at 51 weeks of age, which for the cycled mice corresponded to the last day of the HF portion of cycle 6. Blood collection was performed by cutting B1 mm from the tip of the tail and collecting 200 ml of blood into heparinized capillary tubes. The first drop of blood was used to measure glucose using OneTouch Ultra test strips and glucometers (Lifescan Inc. Milpitas, CA, USA). Blood collection occurred between 0900 and 1100hours following a 12 h fast. Plasma was obtained by centrifugation at 4 1C for 10 min at 7000 rpm and was stored at À 80 1C until further analysis. For the diet-cycled mice, in order to obtain blood at the end of a LF phase, an additional blood collection was performed 4 weeks later (55 weeks of age or end of the LF phase of cycle 6).
Intraperitoneal glucose tolerance tests
Glucose tolerance tests were performed at 67 weeks of age for all mice (end of the HF phase of cycle 8 for cycled mice). Glucose tolerance tests were performed again on cycled mice 4 weeks later (end of the LF phase of cycle 8) to obtain a reading at the end of a LF phase. Mice were fasted for 12 h prior to the measurements. Each mouse received an intraperitoneal injection of 10% glucose solution at 0.01 ml g À 1 body weight. Blood glucose measurements were performed using OneTouch Ultra test strips and glucometers (Lifescan Inc., Milpitas, CA, USA) before the glucose injection and at 30, 60, 120, 180 and 240 min after the injection.
Plasma measurements
Fasting plasma insulin, c-peptide, leptin, resistin, GIP, IL-6, TNF-a and MCP-1were measured using a Milliplex Analyzer and a Mouse Metabolic Panel (Cat.# MMHMAG-44K) (Millipore, Billerica, MA, USA) according to the manufacturer's instructions. Fasting plasma IGF-1 levels (total IGF-1) were measured using IGF-1 (mouse, rat) ELISA kits (Cat.# 22-IG1MS-E01) (ALPCO, Salem, NH, USA) according to the manufacturer's instructions.
Statistical analysis
Data are presented as mean±s.e.m. Statistics were performed using SPSS version 14.0 (IBM, Armonk, NY, USA). Comparisons for all plasma measurements and glucose tolerance tests (area under the curve) were made using univariate analysis of variance. For within-and between-group comparison of longitudinal data, repeated-measures analysis of variance was used with Bonferroni post-hoc test. Survival analysis was performed using Kaplan-Meier analysis with log rank Mantel-Cox for pairwise comparisons. Differences were considered significant at Po0.05.
RESULTS
Body weight
Average lifelong body weights of mice on the LF, HF and cycled diets were 32.1 g±0.2, 50.3 g±0.2 and 42.9 g±0.4, respectively. Body weights for each group of mice over lifespan are shown in Figure 1 . A significant difference was found in body weight as determined by a one-way repeated measures analysis of variance (F(2,14) ¼ 40.6, Po1 Â 10 À 6 ) with post-hoc tests showing significant differences among all treatment groups. As expected, mice fed a HF diet weighed significantly more than the LF or cycled mice. Cycled mice had dramatic fluctuations in body weight that continued for more than 2 years. Shortly after 2 years, body weight fluctuations in the cycled mice were attenuated as the number of mice remaining in the study declined. For cycled mice through 2 years of life, the average weight change per cycle was 9.7 ± 0.3 g, which equates to 22.6% of total body weight gained or lost every 4 weeks due to diet cycling. The average weight gain through 2 years of life was slightly higher (10.0±0.6 g) compared to average weight loss (9.4 ± 0.5 g).
Body composition
In order to determine the effects of diet on lean and fat mass over time, body composition was measured during three stages of life: 15-23 weeks of age (cycle 2), 47-55 weeks of age (cycle 6) and 79-87 weeks of age (cycle 10) ( Figure 2 ). A significant difference was found in body weight (F(2,16) ¼ 39.3, Po1 Â 10 À 6 ) and fat mass (F(2,16) ¼ 41.2, Po1 Â 10 À 6 ) among all three diet groups. Lean mass showed a slight but significant difference over time for mice on the HF diet (F(2,16) ¼ 7.7, Po0.005). Post-hoc tests showed significant differences between the HF group versus either the LF group or cycled groups, but no difference between the lean mass of LF and cycled groups. LF-fed control mice had an average percent body fat of 12.6±0.7%, whereas HF-fed mice averaged 39.3 ± 0.9% and cycled mice averaged 29.0 ± 1.5%.
Glucose metabolism A significant difference was found in fasting blood glucose (F(3,30) ¼ 9.3, Po0.0005), glucose tolerance (F(3,30) ¼ 9.8, Po0.0005), as well as fasting plasma insulin (F(3,30) ¼ 11.5, Po0.00005) and C-peptide (F(3,30) ¼ 9.9, Po0.0005) ( Figure 3a ). Fasting blood glucose was significantly elevated in mice on the HF diet and in cycled mice during the HF phase of the cycle as compared with LF-fed controls and the cycled mice during the LF phase of the cycle. Intraperitoneal glucose tolerance tests (Figures 3b and c) showed similar results; that is, glucose tolerance was significantly elevated in mice on the HF diet and in cycled mice during the HF phase of the cycle. Fasting plasma insulin ( Figure 3d ) and C-peptide ( Figure 3d ) levels were elevated with HF feeding and during the HF phase in cycled mice compared with LF-fed controls; however, the difference between the cycled-LF phase and cycled-HF phase was not significant.
Plasma hormones and cytokines Levels of select hormones and inflammatory cytokines were determined (Table 1 ). A significant difference was found in IGF-1 levels (F(3,30) ¼ 24.1, Po4 Â 10 À 8 ) with IGF-1 being elevated on the HF diet compared with LF controls. Cycled mice had elevated levels of IGF-1 during the HF phase of the cycle, which were similar to that of the non-cycled HF-fed controls. During the LF phase, levels of IGF-1 normalized and were similar to non-cycled LF-fed controls. A significant difference was also found in leptin (F(3,30) ¼ 12.4, Po0.00005), resistin (F(3,30) ¼ 10.8, Po0.0001) and GIP (F(3,30) ¼ 15.7, Po0.0001) ( Table 1 ). All three hormones were elevated on the HF diet compared with that in LF controls. Similar to markers of glucose metabolism and IGF-1, cycled mice had elevated levels of leptin, resistin and GIP only during the HF phase of the cycle, whereas levels of all three hormones normalized during the LF phase. Regarding inflammatory cytokines, a significant difference was seen in IL-6 (F(3,30) ¼ 10.2, Po0.00009). Unlike the pattern seen with the previous blood parameters, IL-6 was significantly decreased in cycled mice regardless of HF or LF phase. No differences were seen for 
Food consumption
As expected, LF fed-control mice consumed the least amount of calories (9.7 ± 0.1 kcals per mouse per day), and the HF-fed mice consumed the most (15.0 ± 0.2 kcals per mouse per day) ( Figure 4 ). The cycled mice consumed an intermediate level of 11.3±0.5 kcals per mouse per day. For cycled mice, switching between the HF and LF diets produced large increases and decreases in food consumption that are clearly seen in the pattern of calories consumed (Figure 4c ). Even though the cycled and LF groups of mice were fed identical diets during the LF phase of the cycle, the cycled mice consistently consumed B24% fewer calories (7.4 ± 0.2 kcals per mouse per day) than the non-cycled LF control mice. During the HF phase, the cycled mice consumed nearly the same amount (14.9±0.3 kcals per mouse per day) as the non-cycled HF-fed controls.
Longevity
The lifespan for each mouse was recorded in days and used for Kaplan-Meier survival analysis (Figure 5a ). HF feeding resulted in a significant decrease in lifespan compared with both LF-fed mice (w 2 ¼ 8.23, P ¼ 0.004) and cycled mice (w 2 ¼ 4.46, P ¼ 0.04). Cycled mice had a similar lifespan to mice fed a LF diet (w 2 ¼ 1.09, P ¼ 0.30). Mean lifespans are shown in Figure 5b . Mice fed the LF diet, HF diet and cycled diet had mean lifespans of 828±74 days, 544 ± 73 days and 801 ± 45 days, respectively. Compared with LFfed controls, HF feeding significantly reduced mean lifespan by 34%. In contrast, cycling the diet reduced mean lifespan by only 3% as compared with the LF control mice, a value that did not reach statistical significance.
DISCUSSION
In this report, we show that weight-cycled mice had a lifespan that was comparable with LF-fed controls and far exceeded that of the obese HF controls. The fluctuations in weight for cycled mice were mirrored by alterations in adiposity, an observation that is supported by comparable changes in adipokine profiles. That is, periods of weight gain were due to increases in fat mass when cycled mice were HF-fed, and periods of weight loss were due to decreases in fat mass when LF-fed. As might be expected, glucose metabolism followed adiposity, with glucose intolerance in HF-fed mice and cycled mice during a HF phase only. Likewise, IGF-1 levels were increased in HF-fed mice and in cycled mice during the HF phase of the diet, but normalized during the LF phase in cycled mice. Overall, cycled mice showed a marked and repeated flux in both weight and, with the exception of IL-6, the measured physiological parameters that typically accompany an obese state. IL-6 levels were decreased during both phases in the cycled mice compared to non-cycled controls. 31 and repeatedly since then, 32 a variety of HF diets have been shown to decrease lifespan in C57BL/6J mice to varying degrees. Thus, our finding that the HF diet reduced lifespan as compared with LF-fed controls is expected. However, cycled mice, which spent half of their lives on the HF diet, did not experience any decline in lifespan. This suggests that the deleterious effects of HF diet exposure and resulting increase in adiposity can be mitigated if the diet is routinely reversed. This finding is novel and may relate to the HF feeding being continually counterbalanced by the reduction in caloric intake below that of LF-fed controls. That is, even though the cycled mice were given ad libitum access to the normal diet during the LF phase, they consistently consumed fewer calories than the non-cycled LF-fed controls.
The difference in lifespan may be partially attributed to alterations in specific endocrine or cytokine factors. For example, levels of IGF-1 are thought to have an important role in aging. [33] [34] [35] [36] In mice, GH receptor gene disruption (GHR À / À ) results in decreased IGF-1, dwarfism, extreme insulin sensitivity and increased lifespan despite increased adiposity. 37 In humans, this association is more controversial as the potential benefits of decreased GH/IGF-1 signaling may be counterbalanced by increased risks of obesity and cardiovascular disease. 38 Studies in older humans have also shown that genotype combinations resulting in decreased IGF-1 are enriched in Italian centenarians, 34 and decreased IGF-1 receptor activity has been found to occur in Ashkenazi Jewish centenarians and their offspring. 39 In the current study, IGF-1 was increased in the shorter-lived HF-fed mice compared with LF-fed controls. In cycled mice, IGF-1 was similarly elevated during the HF phase and normalized during the LF phase of the diet cycle; thus, on average, cycled mice had only acute increases in IGF-1 and were exposed to lower levels of IGF-1 over their lifespan than HF controls. Thus, perhaps the acute elevation in IGF-1 levels, as experienced by cycled mice, is less deleterious than the chronic elevation observed in HF-fed mice. Furthermore, since IGF-1 is implicated in the development of certain types of cancer, 40, 41 it is tempting to speculate that the periodic decreases in IGF-1 resulting from periodic decreases in caloric intake during the LF phase may decrease cancer prevalence in the cycled mice compared with HF-fed mice. Future studies analyzing pathology in cycled mice would be of great interest.
The findings with IL-6 are also of interest. IL-6 is an indicator of inflammation, having a major role in response to environmental stress. 42 IL-6 has been implicated in the pathogenesis of many age-related diseases and has been shown to be a predictor of allcause mortality. 42, 43 Likewise, low circulating levels of IL-6 are associated with decreased mortality and increased longevity. [43] [44] [45] In this regard, the low levels of IL-6 seen in cycled mice at one year of age may be indicative of their propensity for increased longevity. Surprisingly, IL-6 was significantly decreased in cycled mice during both the LF and HF phases even when compared with LF-fed controls. As the focus of the current study is longevity, no mice were sacrificed for the analysis of immune cells, which may have provided a more detailed analysis of the cause of altered IL-6 levels. In mice, ex vivo analysis of basal IL-6 secretion from peritoneal leukocytes have shown major increases and decreases with advancing age (peaking at 69 weeks). 46 TNF-a and MCP-1 also exhibit a peak albeit at slightly older ages (peaking at 92 weeks of age). If HF fed mice were indeed aging faster than the LF fed controls in our study, and with the knowledge that cytokines alter with respect to age, then single time point comparisons are difficult to interpret. It is tempting to speculate that the cycled mice may have a hormetic advantage. Theories of hormesis suggest that cellular responses to mild, repeated stress can improve aging by stimulating maintenance and repair processes. 47 In our study, the repeated HF exposure followed by decreased food consumption below that of LF controls could result in an adaptive response of cells to the mild repeated stress of alternating diets. The two opposing diets may balance repair/ protective processes with damaging processes making the animal more equipped overall to deal with a variety of environmental stressors. If true, it would be interesting to determine how long the mice could remain on the HF diet within a diet cycle before the 'mild' stress of the HF feeding became too harmful to be rescued by the LF diet. The possibility of a hormetic advantage becomes even more suggestive when we consider that the cycled mice spent half of their lives on the HF diet, weighed significantly more than LF-fed mice with more than triple the body fat, yet had a similar lifespan. It would be of interest in future studies to use calculated mean caloric intakes of mice exposed to the 8-week diet cycles and feed a control group the same amount of calories in a non-cycled manner. This would allow one to better determine if cycling itself has a beneficial effect on lifespan independent of the overall caloric intake.
In this study, cycled mice exhibited major fluctuations in not only body weight but also body composition. Although this is the first rodent study to evaluate the role of weight cycling on lifespan, other studies have assessed the impact of weight cycling on body composition in humans and rodents with similar findings. [21] [22] [23] [24] [25] In humans, the data are somewhat controversial because the weight loss may be associated with underlying comorbidities, inherent difficulties in assessing weight cycles and body composition, and heterogeneity of the population. However, there is evidence that weight cyclers experience a redistribution of fat deposition, with several papers reporting a preferential loss of subcutaneous adipose tissue as compared with other adipose tissue depots. 48, 49 As the main objective of this study was to assess lifespan, we were unable to assess the impact of the weight cycling strategy on individual fat depots, yet this would be of interest to do in future studies as growing evidence suggest that the loss of specific depots may be more beneficial than others. 50 Although the results of this study are novel as it represents the first animal study to evaluate weight cycling on lifespan, there are several limitations that should be noted. For example, this study was done in a single sex using a single strain of mice; thus, this study does not reveal female response to weight cycling and lacked the genetic heterogeneity common in comparable human studies. Furthermore, other variables important for health and lifespan, such as the influence of exercise and the exposure of pathogens common to humans, are not assessed in the current study. Although the goal of the current study is focused on characterizing longevity, future studies will need to address the mechanisms underlying the ability of diet-cycled mice to maintain normal lifespan. These future studies should focus on evaluating growth factor levels, inflammatory status, hormetic advantage, resistance to cancer development and overall metabolic status in cycled mice relative to controls.
In conclusion, this is the first study to assess the effect of lifelong weight cycling on longevity. Notably, weight cycling, while causing major fluctuations in many weight-related parameters, did not decrease lifespan as compared with mice maintained on a LF diet and significantly improved lifespan compared to HF-fed mice, suggesting that weight cycling is more beneficial than remaining obese in male C57BL/6J mice.
